An indispensable process of geotechnical modeling with transparent soils involves capturing and analyzing images, in which favorable transparency is required for optical measurements. is paper proposes an objective framework for quantification of transparency in transparent soil based on its transmittance. Specifically, transparent soil with fused quartz serves as the soil sample for the detection of transmittance, and transmittance's impact on imaging quality in geotechnical modeling with transparent soil is investigated through an evaluation function of image clarity. According to the results of research about transparent soil with fused quartz, viewing depth and refractive index matching are the dominant factors that affect variations in transmittance of transparent soil, and the variations of transmittance are subjected to exponential decay regarding viewing depth or refractive index matching based on the theoretical modeling's function of curve fitting. Moreover, experimental results indicate that imaging quality of geotechnical modeling with transparent soil is enhanced with increasing transmittance, and imaging quality shows a remarkable improvement when transmittance is greater than 90%.
Introduction
For geotechnical testing, transparent soil is perceived as a model to visualize the internal geotechnical properties, such as deformation, strain, and flow [1] . It is a porous medium, which consists of a transparent surrogate representing natural soil and fluids with a matched refractive index. Transparent soil provides approaches for geotechnical modeling of soil-structure interactions and multiphase flow in soils [2] . Pioneering researchers of transparent soil introduced precipitated silica to investigate non-Newtonian fluid flow [3] and conducted further research on the geotechnical properties of low-plasticity clay [4, 5] . Over time, other families of transparent soils have been developed for geotechnical testing, including silica gel [6] , hydrogel [7] , fused quartz [8] , and laponite [9] . In addition to investigation of soil-structure interaction mechanisms and hydraulic behavior, notable work has recently extended geotechnical applications of transparent soils to centrifuge tests [10] , soil mechanics lessons in elementary schools [11] , and research involving geoenvironmental models [12] .
In addition to the ability of transparent soil to model natural soil, visualization of the transparent soil is of equal importance to application in geotechnical testing. An indispensable process of modeling with transparent soil involves capturing and analyzing images. By capturing continuous images in noninvasive measurements, including digital image correlation (DIC), transparent soil techniques rival apparatuses such as X-rays, computerized tomography (CT), and magnetic resonance imaging (MRI) [13] . DIC serves as a methodology of image analysis for measurement of kinematics within transparent soils [14] , in which transparency is required.
To determine a favorable level of transparency for optical measurements, the transparency of transparent soil has been evaluated in recent studies. For example, grid lines were observed through some viewing depth of transparent soil to rank different levels of transparency for possible analysis [15] ; an adapted Snellen chart was utilized in an "eye test" calibration for viewing decreasing font-sized letters through transparent soils to estimate the transparency that is available for visualization [16] . However, the conventional methodology of the above assessments is subjective and nonquantitative and infers variable levels of acceptable transparency for visualization of transparent soils.
us, a comprehensive, objective, quantitative, and robust framework of transparency assessment awaits development. Recently, the modulation transfer function (MTF) has been proposed for quantitative assessment and comparison of transparency [17] .
However, MTF is determined according to the fidelity of transferred details from object to image, which involves an overall imaging capability of the whole optical system, which is characterized by not only transparency of transparent soil but also the photographic apparatus. Hence, in order to provide observations of how transparency affects the accuracy of imaging and measurement in transparent soil, the purpose of this research is to quantitatively evaluate the transparency of transparent soil itself. If such a framework of evaluation is developed for the optical characteristics of transparent soil, it shall provide guidance for modeling experiments of transparent soil to reduce limitations on geometry and refractive index matching.
Specifically, in this paper, an objective framework for quantification of transparency based on transmittance is established by combining geotechnical engineering and optics. First, the calculation method of transmittance and the experimental setup for detecting transmittance is proposed so that transmittance data of transparent soil are acquired. Second, it is suggested that variations of transmittance are subjected to exponential decay, which is well explained by the principle of the Christiansen effect. And such observation of transmittance shall provide approaches to improving transparency quality of transparent soil. ird, for experiments of detecting transmittance for different transparent soil samples, experimental results and digital images demonstrate the relationship between transmittance and imaging quality of visualization in transparent soil. e relationship between transmittance and imaging clarity is investigated using an evaluation function of the digital image.
Objective Framework for Quantification of Transparency in Transparent Soil
Based on Transmittance 2.1. Transmittance. Transmittance defines the property that a substance permits transmitted light to pass through, while incident light is partially absorbed or scattered. It is the mathematical description of transparency. e theory of radiometry indicates that transmittance T is the luminous flux ratio of transmitted light φ t to incident light φ i [18] , which is expressed as
e luminous flux refers to the power of electromagnetic radiation, which is modified due to varied sensitivity of the human eye to different wavelengths of light. It is calculated by a luminosity function regarding the issue. In the luminosity function, luminous efficacy is the weighting coefficient that represents the ratio of the luminous flux to the radiant flux. For a certain wavelength of light, the luminous flux φ is expressed as
where K λ refers to the weighting coefficient at wavelength λ and P refers to the radiant flux. Based on (1) and (2), transmittance is denoted by the following equation:
where P t and P i refer to the radiant flux of transmitted and incident light, respectively. Hence, the calculation method is capable of acquiring transmittance using optical measurements of a laser power meter in the experimental setup.
Measurement Method for Transmittance

Material.
In the experimental setup, fused quartz, which is common in manufacturing, is applied as the solid particle of transparent soil. During the manufacturing process, fused quartz is highly purified by melting at approximately 2000°C and is formed by crystalline silica with a purity level of 99.9% to 99.95% [1] . Specifically, for the selected fused quartz in this research, it is shown in Figure 1 that the particle size ranges from 2.00 to 2.80 mm. At each wavelength of visible light, transmittance of fused quartz is well beyond 90%. e refractive index of fused quartz is reported as 1.4585 [19] . Fused quartz aggregate is matched with a blend of two oils, namely, 15# PURITY FG WO white mineral oil produced by Petro-Canada and EI solvent oil produced by TEACSOL. Both oils are transparent as well as colorless, with the physical properties that are listed in Table 1 .
As listed in Table 1 , higher flashing points of flammability indicate that the oils are safe to use under normal laboratory conditions at room temperature. Since the density of mineral oil is similar to that of EI oil, mixtures of such two oils are well blended. e refractive index of wellblended oils changes with the specific blending ratio to achieve different levels of refractive index matching. e refractive index is then measured by implementation of a 2WAJ refractometer with a precision of 0.0002. However, there is considerable variation in the refractive index of matching liquids at different temperatures [20] . To investigate the variation of the refractive index due to changing temperature, configuration of the DK-S18 water bath and circulating pump is connected to the refractometer for maintaining a constant temperature of the matching liquid [8, 21] . On the basis of the Arago-Biot function [22] , the relationship between the resulting refractive index and blending ratio is expressed by the following equation:
where n 12 , n 1 , and n 2 refer to the refractive index of blended liquids, the first matching liquid, and the second matching liquid, respectively; θ refers to the volume fraction of the first matching liquid; and λ or g refers to the coefficient determined by temperature. Specifically,n 12 represents the refractive index of blended oils and θ represents the volume fraction of the 15# white mineral oil. For the following experiment, the room temperature is strictly maintained as 20°C using an air conditioner, whereas λ and g are experimentally determined as 1.0159 and −0.0232 based on the calculation of the blending ratio.
Experimental Apparatus.
For optical measurements, the layout of the experimental setup is shown in Figure 2 (a), which involves a laser transmitter that emits 532 nm laser light, a test chamber, a detector of light power, and a laser power meter for detecting transmitter light power. As also shown in Figures 2(b) and 2(c), the test chambers provide desirable ranges of viewing depth, and a cuvette or acrylic glass box serves as the test chamber, with identical wall thickness on each side. When a light beam from a laser transmitter passes through transparent soil in the test chamber, the radiant flux of transmitted light P t is measured.
en, the radiant flux of incident light P i is measured without transparent soil in the test chamber. P t and P i are measured from multiple incident positions of light at one side of the test chamber. e side of the test chamber for incident light was switched over for each measurement of the transparent soil sample. Specifically, the incident positions of light are located roughly equidistant. In this way, 16 pairs of P t and P i are acquired for each measurement. On the basis of the 16 pairs of experimental results, the average results of transmittance are calculated. Moreover, the confidence interval of the average transmittance is also denoted as the error bar in the figures.
Variation in Transmittance 2.3.1. Principle of the Christiansen Effect.
To investigate the variation in transmittance of transparent soil and to analyze the qualitative relationship between the factors (that affect the variation in transmittance) and the transmittance, the principle of Christiansen effect is proposed for the curve fitting of experimental results of transmittance of transparent soil. Preparation of transparent soil should ensure that the transparent substance is immersed in the refractive index matching liquid, which is also involved in the process of producing transparent media in the experiment of the Christiansen effect [23] . Numerous solid-liquid interfaces exist within such transparent media. For incident light with a specific wavelength on the solid-liquid interface, the principle of the Christiansen effect indicates that when dispersion curves of solid and liquid coincide at specific wavelength, incident light in Christiansen experiment is mostly transmitted [24] . Either the optical interference or the scattering results in attenuation of transmitted light in the Christiansen effect. e theory of the Christiansen experiment is concluded from optical interference [24] , and it states that the transmittance of transparent media undergoes exponential decay. Particularly within transparent soil, incident light is scattered and refracted consecutively on multiple solid-liquid interfaces while transmitted light is attenuated. Assuming that inhomogeneity of random packing in solid particles has a Gaussian distribution in the refractive index [25] , a modified equation of the Raman Varshneya [26] method is derived as follows:
where n s and n l refer to the refractive index of the solid and liquid, respectively; k 1 refers to the coefficient that is modified by the size, shape, and distribution of the solid particle; k 2 refers to the coefficient that is modified by the shape and volume fraction of the solid particle; d refers to the transmitted thickness or viewing depth; and λ m refers to the matching wavelength at which the solid and liquid refractive indexes are matched. e principle of the Christiansen effect is the theoretical basis of this research that explains the factors that affect transmittance in optical measurements of transparent soil. With a consistent combination of grain size gradation and compactness within transparent soil, the subsequent impacts of size, shape, and distribution of solid particles are neglected in the following analysis. Besides, the modified equation of the Raman Varshneya method shall be utilized to provide observations into the function of curve fitting of the factors and to provide explanations on statistical parameter's physical meaning. erefore, coefficients k 1 and k 2 remain constant for the same transparent soil sample. For the experimental setup in this study, the wavelength of transmitted light is maintained constant as 532 nm. erefore, the viewing depth d and the refractive index matching (n s − n l ) are the main factors that affect transmittance, and they are analyzed in following verification experiments. For transparent soil with 
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fused quartz and mineral oil, the experiments are set up to validate that the transmittance of transparent soil is subjected to exponential decay due to viewing depth d and refractive index matching (n s − n l ).
Impact of Viewing Depth. Assuming that viewing depth d is the single variable in (5), expression of transmittance T is simpli ed as
where K refers to the attenuation coe cient. In practice, (6) is also deduced from the Beer-Lambert law [27] . According to the Beer-Lambert law, the light that is absorbed by a substance is proportional to its transmitted thickness. In particular, transmitted thickness is identi ed as the viewing depth in this research. Figure 3 reveals the relationship between transmittance T and viewing depth d. For investigated transparent soil with fused quartz, the attenuation coe cient K is calculated to be 0.0021 mm −1 based on veri cation of experimental data. However, deviation ranges exist in the transmittance results, and the con dence interval of mean transmittance is denoted as the error bar in Figure 3. 
Impact of Refractive Index Matching.
A refractive index matching technique has been applied in various elds of study, including granular media and riverbeds [28] . Further research has also sought to establish a methodology of assessment for allowable refractive index mismatch [22] . In this analysis, to investigate the impact of refractive index matching on transmittance, the matching liquid is prepared with various oil mix ratios to achieve di erent levels of refractive index matching (n s − n l ). However, considering that a refractive index of fused quartz n s remains consistent at room temperature of 20°C, changes in the resulting refractive index of matching liquid n l represent refractive index matching. Assuming that the refractive index of matching liquid n l is the single variable in (5), expression of transmittance T is simpli ed as
where K 1 , K 2 , and K 3 refer to the coe cients that are determined by the tted curve. In Figure 4 , the curve tting results demonstrate that the transmittance reaches a peak value with the best match of the refractive index matching, whereas there are dips of transmittance as a result of the refractive index mismatch. In general, the impact of refractive index matching is well described by the exponential decay of principle of the Christiansen e ect.
Relationship between Transmittance and Imaging Quality
Evaluation Function of Image Clarity.
Transmittance describes transparency mathematically, and it is the delity in optical measurement of transparent soil that quantication of transparency counts for. us, it is necessary to establish the relationship between transmittance and evaluation function of image clarity. For digital image processing of transparent soil, image clarity is the primary concern of DIC precision [29] because captured images within transparent soil consist of di erent intensities at di erent pixel positions, which allow for identi cation. Improved image clarity of image texture is associated with a greater degree of variation in pixel intensity. For example, image intensity changes with the degree of saturation of transparent soil [30] [31] [32] , with unsaturated transparent soil yielding degraded optical clarity. Accordingly, the variation in pixel intensity is estimated by the intensity gradient in this research.
e intensity gradient is calculated by the Sobel operator, which is prevalently adopted in the image processing technique of edge detection. It calculates the norm of the vector at each pixel of the digital image. By computing the approximated norm of the image gradient at the pixel position (x, y) in the horizontal and vertical directions, the Sobel operator is usually less computationally expensive with an isotropic 3 × 3 kernel. However, approximations of the derivatives can be de ned at higher or lower degrees of accuracy by di erent kernels. In this paper, the experimental data demonstrate that the approximated results of the isotropic 3 × 3 gradient Sobel operator are su cient for distinguishing between di erent levels of the evaluation function, which corresponds to delity in the optical measurements.
As a gradient-based sharpness function in digital photography, the evaluation function E of image clarity of transparent soil is adapted from the Sobel operator. A digital image with W × H pixels is shown in Figure 5 , and the pixel position (x, y) is determined in the following calculations.
Initially, the image intensity of pixel position (x, y) is denoted as f(x, y). A(x, y) is the 3 × 3 matrix that describes image intensity around pixel position (x, y) in a 3 × 3 pixel region. en, 3 × 3 kernels are utilized in the Sobel operator to convolve with the image intensity A(x, y) . As a result, the image gradient vectors at pixel position (x, y) in the horizontal and vertical directions are acquired as G x (x, y) and G y (x, y) in (8) and (9), resp.:
where * represents a 2-dimensional signal that computes convolution. In other words, ∇f(x, y) is calculated as
Meanwhile, |∇f(x, y)| refers to an approximated modulus of the image gradient vector at pixel position (x, y) in a 3 × 3 pixel region. us, |∇f(x, y)| is calculated by an image intensity vector from a convolution of the Sobel operator in both the horizontal and vertical directions as follows:
where G x (x, y) and G y (x, y) refer to the result of the discrete di erentiation operator at pixel position (x, y) in the horizontal and vertical directions, respectively. e approximated modulus of the image gradient |∇A(x, y)| lays the foundation of evaluation function E. Evaluation function E is designated to establish di erent levels of image clarity. Considering that the mean intensity gradient is proposed to evaluate speckle pattern quality in DIC [33] , the evaluation function E is de ned as the mean square of the norm of the image gradient at all pixels in the captured image, denoted as follows:
where N refers to the sum of pixels in the digital image. In addition, it is noted that the evaluation function given in (12) is sensitive to changes of intensity. Consequently, for comparison between di erent levels of image clarity, the 
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evaluation function E is normalized as E N in unit-based normalization, expressed as follows:
where E N refers to the normalized evaluation function and E max is determined by the evaluation function of image clarity with no degradation in transparent soil. Image clarity of transparent soil is quantitatively evaluated using the normalized evaluation function E N .
Relevance of Transmittance to the Normalized Evaluation
Function for Transparent Soil with Fused Quartz. As shown in Figure 6 , the relevance of transmittance to image clarity is revealed by the relationship between transmittance T and the normalized evaluation function E N . Such relevance is investigated for transparent soil with fused quartz. In detail, grid lines are uniformly printed on paper but are viewed through transparent soil with varied depth. Di erent sizes of the acrylic glass box are utilized for the test chamber containing the transparent soil to determine the viewing depth. For various viewing depths, images of grid lines are captured by a Nikon D7000 digital camera with a 50 mm f/1.8 D lens. Such photographic equipment produces images with a resolution of 4928 × 3264 pixels by an aperture of f/22, an exposure time of 5 s, and ISO100. For digital image processing, the digital images are cut to the same size for calculation of the evaluation function E N that de nes the image clarity. To capture digital images ①∼⑤ in Figure 6 , conguration of the photographic equipment and alignment of the optical system are made consistent in each measurement, while transmittance of the transparent soil sample varies from case to case. Meanwhile, transmittance T of transparent soil is measured in each case. As a result, the correlation of transmittance to image clarity is revealed by the relevance of transmittance T to the evaluation function of E N in Figure 6 . Figure 6 includes representative results of transmittance for varied image clarity of transparent soil at the viewing depths of 50 mm (⑤), 100 mm (④), 150 mm (③), and 200 mm (②). In addition, when no transparent soil is in the test chamber, digital image ① is captured and the transmittance of the test chamber without transparent soil is detected.
For transparent soil with fused quartz and mineral oil, the experimental data show a signi cant increase in image clarity with transmittance higher than 90% (digital image ② with a transmittance of 90.09 ± 2.22%). In addition, based on previous research of portraying the level of transparency [15] , the viewing depth of transparent soil in the test was typically 50 mm.
us, the digital image ③ delivers a transmittance of 67.29 ± 2.59%, which corresponds to a viewing depth of 50 mm. To draw a conclusion, for some categories of transparent soil such as the soil sample with fused quartz, there is a certain calibration curve as shown in Figure 6 that indicates the relationship between transmittance and imaging quality. And such relationship shall be of great value in further research into accuracy of digital image analysis.
Conclusions
e fundamental purpose of this paper is to propose an objective framework for quantification of transparency in transparent soil based on transmittance. In this framework, experimental apparatuses including laser transmitter and power meter are introduced in the measurement method for transmittance. Additionally, analysis of transparent soil property and the principle of the Christiansen effect are integrated in this paper. e principle of the Christiansen effect is proposed to govern the variation in transmittance and to investigate the impact factors that affect transmittance. Furthermore, the relationship between transmittance and imaging quality is also investigated.
On a basis of experimental results, exponential decay of transmittance is validated, and the dominant factors that affect variation in transmittance are viewing depth and refractive index matching. Besides, according to the relevance of transmittance to the evaluation function of the intensity variation, imaging quality of geotechnical modeling with transparent soil is enhanced with increasing transmittance, and imaging quality shows a remarkable improvement when transmittance is greater than 90%.
Above all, the principle of the Christiansen effect provides guidance for increasing the viewing depth of transparent soil and refining the refractive index matching technique to improve transparency in transparent soil in geotechnical modeling. Meanwhile, the relationship between transmittance and image clarity is established. Such relationship lays a foundation of further research regarding the accuracy of digital image analysis in transparent soil with different transmittance.
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